Two n o z z l e performance p r e d i c t i o n procedures w h i c n a r e based on t h e s t a n d a r d i z e d JANNAF methodology a r e presented and compared f o r f o u r r o c k e t e n g i n e nozzles. The f i r s t procedure r e q u i r e d o p e r a t o r intercedance t o t r a n s f e r d a t a between t h e i n d i v i d u a l performance programs. The second procedure i s more automated i n t h a t a l l necessary programs a r e c o l l e c t e d i n t o a s i n g l e computer code, t h e r e b y e l i m i n a t i n g t h e need f o r d a t a r e f o r m a t t i n g . show s i m i l a r t r e n d s b u t q u a n t i t a t i v e d i f f e r e n c e s .
Agreement was b e s t i n t h e p r e d i c t i o n s o f s p e c i f i c impulse and l o c a l s k i n f r i c t i o n c o e f f i c i e n t .
Other compared q u a n t i t i e s i n c l u d e c h a r a c t e r i s t i c v e l o c i t y , t h r u s t c o e f f i c i e n t , t h r u s t decrement, boundary l a y e r displacement thickness, momentum t h i c k n e s s , and heat l o s s r a t e t o t h e w a l l . E f f e c t s o f w a l l temperature p r o f i l e used as an i n p u t t o t h e programs was i n v e s t i g a t e d b y r u n n i n g t h r e e w a l l temperature p r o f i l e s .
I t was found t h a t t h i s change g r e a t l y a f f e c t e d t h e boundary l a y e r displacement t h i c k n e s s and heat l o s s t o t h e w a l l . The o t h e r q u a n t i t i e s , however, were n o t d r a s t i c a l l y a f f e c t e d b y t h e w a l l temperature prof i l e change. R e s u l t s f r o m b o t h procedures I n t r o d u c t i o n
A c c u r a t e p r e d i c t i o n s o f boundary l a y e r g r o w t h a r e necessary for a c c u r a t e p r e d i c t i o n s i n r o c k e t e n g i n e performance. E q u i l i b r i u m and chemi c a l k i n e t i c s programs a l r e a d y e x i s t which pred i c t performance l o s s e s w i t h s u f f i c i e n t accuracy. However, t h e computer modeling o f boundary l a y e r growth and i t s e f f e c t on r o c k e t engine performance i s l e s s standardized. T 
h i s i s due t o d i fferences i n t h e p h y s i c a l modeling and numerical procedures used. d e t r a c t g r e a t l y f r o m t h e o v e r a l l performance i n r o c k e t engine n o z z l e designs w i t h l a r g e e x i t -a r e a t o t h r o a t -a r e a r a t i o s . These h i g h a r e a r a t i o n o z z l e s (>400) a r e o f i n t e r e s t f o r o r b i t a l t r a n sf e r v e h i c l e s t o o b t a i n maximum performance as i n d i c a t e d b y h i g h s p e c i f i c impulse.
The purpose o f t h i s paper i s t o compare t h e r e s u l t s f r o m two procedures f o r e v a l u a t i n g t h e performance of n o z z l e contours. Both procedures a r e based o n t h e s t a n d a r d i z e d JANNAF methodology1 f o r p r e d i c t i n g r o c k e t engine n o z z l e performance. The f i r s t , t h e d i s j o i n t procedure, r e q u i r e s t r a n s m i s s i o n of d a t a between t h r e e separate performance p r e d i c t i o n programs. The boundary l a y e r 8 r e d i c t i o n program i n t h i s procedure i s BLIMP.
BLIMP i s an independent, stand-alone program and can o n l y be u t i l i z e d a f t e r p r i o r r u n s o f o t h e r performance programs. I n t h i s case, two programs were r u n as an i n p u t t o BLIMP. second, t h e i n t e g r a t e d procedure, u t i l i z e s one performance program which ha many s u b r o u t i n e s t o Boundary l a y e r l o s s e s s t a r t t o
The p e r f o r m t h e p r e d i c t i o n . BLM 3 was t h e boundary l a y e r p r e d i c t i o n proqram used i n t h i s procedure. U n l i k e BLIMP, BLM i s accompanied by a s e t o f subprograms which w i l l c a l c u l a t e a l l t h e necessary p r e l i m i n a r y i n f o r m a t i o n r e q u i r e d f o r t h e boundary l a y e r a n a l y s i s . T h i s t o t a l s e t o f subprograms ( i n c l u d i n q BLM) i s r e f e r r e d t o as t h e 1985 vers i o n o f t h e Two-Dimensional K i n e t i c s program (TDK.85) .4
Performance comparisons were made f o r nozz l e s h a v i n g area r a t i o s 60:1, 200:1, 400:1, and 1OOO:l. Each n o z z l e had a t h r o a t diameter o f 1 i n . and was s p e c i f i e d t o r u n a t a chamber p r e ss u r e o f 1000 p s i a u s i n g hydrogen and oxygen as t h e p r o p e l l a n t s . V a r i a t i o n s o f t h e w a l l tempera t u r e p r o f i l e were made t o i n v e s t i g a t e i t s e f f e c t on t h e engine performance.
D e s c r i p t i o n o f Procedures
The f i r s t procedure f o r e v a l u a t i n g t h e r o c k e t engine n o z z l e performance i s r e f e r r e d t o as t h e d i s j o i n t procedure. programs used i n t h i s procedure i s t h e OneDimensional E q u i l i b r i u m (ODE) program,5 t h e One-Dimensional K i n e t i c s (ODK) program,6 and t h e Boundary Layer I n t e g r a l M a t r i x Procedure program ( BLIMP).2 program which p r o v i d e d t h r o a t chemical composit i o n i n p u t d a t a f o r t h e DDK proqram. ODK, a k i n e t i c s program which computes f i n i t e r a t e react i o n performance, was r u n f r o m t h e n o z z l e t h r o a t t o t h e e x i t . s u r e p r o f i l e and c h e m i s t r y i n f o r m a t i o n as i n p u t . The e x c l u s i o n o f a two-dimensional k i n e t i c s analy s i s r e s u l t s f r o m t h e f a c t t h a t t h e 1973 v e r s i o n o f t h e Two-Dimensional K i n e t i c s program (TDK.73) was t o be used, b u t i t gave u n s t a b l e r e s u l t s . Therefore, an average v a l u e f o r t h e e q u i v a l e n t two-dimensional divergence e f f i c i e n c y o f 0.996 was assumed i n l i e u o f r u n n i n g TDK. 73 . T h i s divergence e f f i c i e n c y s e q u i v a l e n t t o a 7.25' divergence half-ang1e.j
The f l o w diagram f o r t h i s procedure i s shown i n F i g . 1. Table 1 shows t h e r e q u i r e d i n p u t s f o r each program used i n t h e d i s j o i n t procedure and f r o m which program ( i f any) t h e y a r e generated.
The second procedure used i s c a l l e d t h e i n t eg r a t e d procedure. I n t h i s study, t h e i n t e g r a t e d procedure r e f e r s t o a s i n g l e program, t h e 1985 v e r s i o n o f t h e TDK program (TDK.85).
TDK.85 comb i n e s TDK.73 as a subproqram along w i t h t h e boundary l a y e r module (BLM), ODE, ODK, and many o t h e r subprograms i n t o one l a r g e program. The i n p u t s r e q u i r e d f o r t h e i n t e g r a t e d procedure a r e shown i n Table 2 . 
o n s f o r a r e a c t i v e m i x t u r e i n an i d e a l i z e d c l o s e d combustion system. considered t o be i n f i n i t e l y f a s t so t h a t a l l react i o n s r e a c h l o c a l e q u i l i b r i u m c o n d i t i o n s . A r o c k e t performance o p t i o n i s r u n which p r e d i c t s t h e t h e o r e t i c a l maximum performance o f i s e n t r o p i c convergent-subsonic and divergent-supersonic f l o w i n a n o z z l e w i t h s h i f t i n g e q u i l i b r i u m chemical composition d u r i n g expansion. The r e s u l t s f r o m ODE were used as t h r o a t c o n d i t i o n i n p u t s t o t h e ODK program i n t h e d i s j o i n t procedure.
Reaction r a t e s a r e One-Dimensional K i n e t i c s Program ( ODK)6 T h i s program c a l c u l a t e s t h e d e v i a t i o n from e q u i l i b r i u m performance i n t h e n o z z l e due t o f i n i t e r e a c t i o n r a t e s n o t a l l o w i n g chemical equil i b r i u m t o be reached. U n l i k e ODE, ODK bases t h e f r a c t i o n o f m i x t u r e which w i l l r e a c t on t h e react i o n r a t e s o f t h e mixture. homogeneous, i d e a l gas r e a c t i o n s i n combustion and n o z z l e expansion s i t u a t i o n s . E i g h t e e n chemiBoundary Layer I n t e g r a l M a t r i x Procedure Program (BLIMP) T h i s program c a l c u l a t e s t h e boundary 1 ayer growth i n a r o c k e t nozzle. F o r axisymmetric f l o w , t h e program can c a l c u l a t e e i t h e r s h i f t i n g e q u i l i b r i u m o r f r o z e n compositions f o r any f u e l / o x i d i z e r combination. The program uses an i n t eg r a l m a t r i x s o l u t i o n a l g o r i t h m which i s e q u i v a l e n t t o a h i g h e r o r d e r f i n i t e d i f f e r e n c e approach. T h i s program w i l l output v a r i o u s boundary l a y e r p r o p e r t i e s as w e l l as t h e c o o r d i n a t e s o f t h e p o t e n t i a l f l o w f i e l d i f t h e i n p u t d e s c r i b e d t h e r e a l w a l l , o r t h e coordinates o f t h e . r e a l w a l l i f t h e p o t e n t i a l f l o w contour was i n p u t . Two-Dimensional K i n e t i c s Program 1983 V e r s i o n ITDK. 8 3 ) j T h i s program i s r e a l l y a combination o f programs. I t i n c o r p o r a t e s t h e ODE and ODK programs along w i t h a t r a n s s o n i c module (TRANS), a method o f c h a r a c t e r i s t i c s r o u t i n e (MOC), a twodimensional k i n e t i c s e f f e c t s module, and a bounda r y l a y e r p r e d i c t o r (ELM). TDK.83 i n t e g r a t e s a l l t h e p i e c e s which were used i n t h e d i s j o i n t proced u r e and passes t h e needed i n f o r m a t i o n between t h e programs a u t o m a t i c a l l y . The r e s u l t s o f each r u n a r e p r i n t e d o u t i n a summary t a b l e a t t h e end o f a run. The program p r o v i d e s t h e u s e r w i t h t h e c a p a b i l i t y o f u s i n g s p e c i f i c combinations o f subr o u t i n e s f o r each s e c t i o n o f t h e engine. A l l t h e computations i n v o l v e d w i t h a n a l y z i n g a r o c k e t engine n o z z l e a r e achieved w i t h one computer run.
T h i s i n c l u d e s e v a l u a t i o n o f t h e k i n e t i c deviat i o n s f r o m e q u i l i b r i u m performance, c a l c u l a t i o n o f t h e s o n i c l i n e i n t h e t h r o a t r e g i o n , s e t t i n g up t h e mesh o f c h a r a c t e r i s t i c l i n e s , c a l c u l a t i n g
t h e k i n e t i c s v a r i a n c e s i n t h e n o z z l e downstream of t h e t h r o a t , and p r e d i c t i n g t h e boundary l a y e r growth and losses. Also, t h e program can d i sp
l a c e a p o t e n t i a l w a l l c o n t o u r hy t h e d i s p l a c ement t h i c k n e s s c a l c u l a t e d by BLM and recompute t h e k i n e t i c v a r i a n c e s i n t h e n o z z l e t o a t t a i n a b e t t e r e s t i m a t e o f t h e boundary l a y e r t h i c k n e s s . D e s c r i p t i o n o f I n p u t Cases
Four nozzles, w i t h a r e a r a t i o s of 60:1, 200:1, 400:1, and 1000:1, were chosen f o r t h i s e v a l u a t i o n study. A l l f o u r had 0.5 i n . t h r o a t r a i i i and l e n g t h s corresponding t o a 100 p e r c e n t 15 cone w i t h t h e same t h r o a t r a d i u s and area r a t i o . ' l p r e s s u r e and used normal b o i l i n g p o i n t (NBP) l i qu i d hydrogen and NBP l i q u i d oxygen as t h e i r f u e l and o x i d i z e r . The p r o p e l l a n t s were i n j e c t e d w i t h a m i x t u r e r a t i o (O/F) o f s i x . r a d i i were determined. These e x i t p l a n e l e n g t h s and r a d i i values a r e t a b u l a t e d i n Table 4 . Since t h e purpose o f t h i s s t u d y was comparative i n n a t u r e , t h e a c t u a l c o n t o u r of t h e n o z z l e s was n o t i m p o r t a n t so l o n g as t h e y were t h e same f o r b o t h procedures. The c o n t o u r f o r each n o z z l e between t h e t h r o a t and e x i t p l a n e was c a l c u l
a t e d u s i n g t h e RAO method, a method o f c h a r a c t e r i s t i c s rout i n e coupled w i t h an o p t i m i z a t i o n scheme based on t h e c a l c u l u s o f v a r i a t i o n s . 8 These c o n t o u r s (Appendix A ) d e f i n e d t h e p o t e n t i a l f l o w bounda r i e s f o r each nozzle.
They a l l operated a t 1000 p s i a chamber For t h e g i v e n a r e a r a t i o s , t h e n o z z l e e x i t
The remaininq o p e r a t i n g c o n d i t i o n s o f t h e engine were used as i n p u t s f o r ODK, BLIMP, and TDK. The energy l e v e l a s s o c i a t e d w i t h t h e oxygen i s -2948 c a l l m o l e and -1977 c a l l m o l e f o r t h e hydrogen.
t i o n chamber, t h r o a t , and n o z z l e a r e shown i n F i g . 2 and t h e corresponding values a r e s p e c i f i e d i n Table 5 .
For b o t h e v a l u a t i o n procedures, t h e poten-I n t h e i n t e g r a t e d
The geometry v a r i a b l e s o f t h e combust i a l w a l l c o n t o u r was d e f i n e d by s p e c i f y i n g a x i a l l o c a t i o n values and r a d i i a t equal i n t e r v a l s along t h e n n z z l e c e n t e r l i n e . procedure, t h e number of c o n t o u r p o i n t s was g r e a t l y reduced a t t h e h i g h e r area r a t i o s (>200:1) t o i n s u r e t h a t t h e c o n t o u r i n t e r p o l a t i n g r o u t i n e would n o t compute an e r r a t i c w a l l s l o p e between i n p u t w a l l p o i n t s . Table 6 . The number of p o i n t s g i v e n Each n o z z l e had t h e same b a s e l i n e w a l l temp e r a t u r e p r o f i l e . of t h e 1OOO:l n o z z l e i s shown i n F i g . 3. The s m a l l e r area r a t i o n o z z l e s used t h i s same p r o f i l e t r u n c a t e d a t t h e a x i a l p o s i t i o n o f t h e n o z z l e e x i t . The p r o f i l e f o r a l l f o u r n o z z l e s assumed a c
f o r each area r a t i o f o r b o t h procedures, t h e numb e r of p o i n t s on t h e s o n i c l i n e a t t h e t h r o a t ( r e q u i r e d t o set-up t h e method o f c h a r a c t e r i s t i c s mesh), and t h e number o f segments used i n t h e boundary l a y e r p r e d i c t i o n ( f o r t h e i n t e g r a t e d procedure) i s shown i n

o o l e d t h r o a t s e c t i o n , and a r a d i a t i o n c o o l e d nozzle. Near t h e t h r o a t , t h e p r o f i l e used i s v e r y s i m i l a r t o t h a t c a l c u l t e d f o r t h e Space S h u t t l e Main Engine (SSME).'
I t i s much c o o l e r i n t h e t h r o a t r e g i o n t h a n t h e c a l c u l ated temperat u r e f o r t h e RL1$ due t o t h e d i f f e r e n c e i n m a t e r i a l s o f c o n s t r u c t i o n . F i g u r e 4 shows t h e w a l l temperature p r o f i l e s o f t h e 200:l nozzle, The w a l l temperature p r o f i l e the RL10, and the SSME superimposed on the same plot for comparison purposes.
Discussion of Results
The results of the computer runs showed similar trends for all the area ratios considered. The general discussion of results will cover all the nozzles investigated, however, only figures for the 1OOO:l case will be shown since they are characteristic of all the results. The 1OOO:l area ratio is also of particular interest for an orbital transfer vehicle. The quantities which are compared include the boundary layer displacement thickness, momentum thickness, local skin friction coefficient, thrust loss, heat loss to the wall , the characteristic velocity (c*), thrust coefficient (CF), and specific impulse (Isp).
Boundary Layer Displacement and Momentum Thickness Figure 5 is a comparison between the boundary layer displacement thickness as calculated by the disjoint procedure and the integrated procedure for the 1OOO:l nozzle. dispiacement thickness predictions for the two procedures agree near the throat but then diverge monotonically toward the exit plane. between the two code's exit plane predictions is very good for the 60:l area ratio case (only a 1.4 percent difference). 400:1, and 1OOO:l cases show a 10.5, 39.6, and 35.8 percent difference between the exit plane values for the two procedures, respectively. The disjoint procedure predicts a greater displacement thickness value and rate of growth than does the integrated procedure. These differences between the two procedures in boundary layer displacement thickness are good examples of the reason for this study.
thickness profiles in the axial direction as predicted by the disjoint procedure and the integrated procedure for the 1OOO:l area ratio nozzle. The integrated procedure predicts a nearly linear increase in momentum thickness from the throat to the exit, while the disjoint procedure shows a gently concave profile which i s always greater than the integrated procedure profile. results i n a slightly higher prediction by the disjoint procedure at the exit plane for every case. Differences between the two procedures' momentum thickness predictions are 11.6, 11.3, 18.4, and 16.2 percent for the 60:1, 200:1, 400:1, and 1OOO:l area ratio cases respectively.
The boundary layer Agreement
However, the 200:1, Figure 6 shows a comparison of the momentum This A possible reason for the discrepancies between the two procedures is that the wall pressure profile resulting from the disjoint procedure was different than that used in the integrated procedure. In the disjoint procedure, the wall pressure profile was output from the ODK program and used as an input to the BLIMP program. In the integrated procedure, the wall pressures were calculated internally by the TDK subprogram. TDK will generally predict larger values of wall pressure than will ODK. The differences between these values for similar axial stations were as large as a factor of two. can change the fluid properties at the edge of the boundary layer drastically. This, in turn, affects the boundary layer profiles as seen in the displacement or momentum thickness plots.
This large discrepancy
More subtle differences are found in the eddy-viscosity models used by the two boundary layer programs. These also directly affect the prediction of the boundary layer profiles. uses the original Ceheci-Smith eddy-viscosity model whereas BLM uses a revised version of the same model. For example, BLM uses kinematic viscosity, intermittancy, and transitional terms in the near-wall region expression of the dimensionless eddy-viscosity whereas BLIMP does not.
BLIMP
-Local Skin Friction Coefficient Figure 7 shows the local skin friction coefficient for the 1OOO:l nozzle. The local skin friction coefficient is defined as the ratio of shear stress at the wall to the local dynamic pressure. The closest agreement at the exit plane (a difference of 1.5 percent) occurs in the 1OOO:l area ratio case and the larqest difference (10.2 percent) occurs at the 400:l area ratio.
Thrust Decrement Due to Boundary Layer Growth due to skin friction ettects on the boundary layer displacement thickness and the wall pressure profile in the nozzle. Figure 8 shows the prediction comparisons of thrust decrement for the 1OOO:l case. In all four area ratio cases the prediction at the throat by the disjoint procedure is qreater than that of the integrated procedure. The integrated procedure diverges from the disjoint procedure solution downstream of the throat and predicts a greater value at the exit plane, as is shown in the figure. The thrust decrement predictions vary by 12.5, 20.3, 22.3, and 32.2 percent for the 60:1, 200:1, 400:l and 1OOO:l nozzles, respectively.
Since the thrust decrement can be directly related to the size of the boundary layer, the reasons for the discrepancies between the two procedures are similar to those described in the displacement thickness section.
The thrust decrement is the loss of thrust Heat Loss to the Wall
The heat loss to the wall profiles are derived from the integration of the amount of heat being directed at the nozzle wall per unit area per unit time. By integrating this quantity locally over the entire nozzle length, the result i s a cumulative heating rate, with units of BTU/sec. The value of heat loss to the wall is primarily dependent on the wall temperature profile and the heat transfer coefficient. Integration is performed by the computer programs. The comparison of the profiles of the total heat loss rate to the wall are characterized by the 1000:1 area ratio case, as shown in Fig. 9 . The values predicted by the disjoint procedure are plotted starting from the throat whereas the integrated procedure's values begin approximately 20 percent of the nozzle length downstream of the throat. This is because the integrated procedure divides the nozzle into segments and gives an integrated heat flux value at the end of each segment. The values predicted by both procedures at this point show good agreement in the throat region. ever, as the analysis travels down the nozzle toward the exit plane, the predicted values diverge rapidly. The difference between predicted values at the exit plane are 14.9, 20.0, 22.7, How-and 26.8 percent for the 60:1, 200:1, 400:1, and 1OOO:l nozzles respectively. In all cases, the integrated procedure predicts a greater value of heat loss to the wall for the same wall temperature profile. The difference is probably due to the difference in wall pressure profiles used in the two procedures as well as a difference in the surface coefficients of heat transfer.
Characteristic Velocity, c* Analytically, the characteristic velocity, c*, is a quantity which reflects the effective energy level of the propellants and subsonic expansion. as predicted by both procedures are tabulated in Table 8 . The characteristic velocity values predicted by the ODE portion of both procedures are constant for all area ratios. There is an almost negligible (0.2 percent) difference between the values calculated by the two procedures, with the disjoint procedure predicting a lower value than the integrated procedure. Differences between the thermodynamic datahases used in the disjoint and the integrated procedures' ODE versions can account for the difference in these predicted values.
At the boundary layer level of computations (accounting for the area change at the throat), the difference between the computed c* values are within 0.6 percent of each other. Again, the integrated procedure predicted a greater value than did the disjoint procedure.
The thermodynamic datahases used in the integrated and disjoint procedures were different. This is most likely the cause of the differences between the two procedures.
Values for the characteristic velocity Thrust Coefficient, Cf
Tabulated values of the thrust coefficient can be found in Table 8 . The thrust coefficient as calculated by ODE in both procedures show very good agreement. values between procedures is less than 0.1 percent for all area ratios. This variation is caused by the thermodynamic database difference mentioned in the previous section. sistently predicts a slightly higher CF value. The thrust coefficient for the two different procedures differs by 4.7, 3.8, 3.2, and 2.4 percent for the 60:1, 200:1, 400:1, and 1OOO:l area ratio cases, respectively. loss rate results point to an overall consistency between the two procedures. dure predicts a lower heat loss rate as well as a lower thrust coefficient.
The variation in equilibrium
In all cases, the integrated procedure conThis result taken with respect to the heat The disjoint proceVacuum Specific Impulse, ISp
The vacuum specific impulse is a measure of the efficiency of a rocket engine. The thrust decrement is the loss of thrust due to boundary layer growth in the rocket nozzle. These two quantities are discussed together because the thrust decrement i s converted to an impulse decrement and subtracted from the ideal value of Isp predicted prior to the boundary layer analysis.
The absolute specific imDulse values calculated by both procedures ar? all very close, as shown in Fiq. 10. The uredictions differ by 0.10, 0.51, 0.64, and 1.30 percent for the 60:1, 200:1, 400:1, and the 1OOO:l case, respectively. In all cases, the disjoint procedure predicts an Is, value higher than those of the integrated procedure. The specific impulse calculated by the ODE portion of hoth procedures is within 0.25 percent due to thermodynamic database differences mentioned Dreviously. The inteqrated procedure consistently predicts the larger value.
The discrepancies in the values of thrust decrement predictions translate directly to discrepancies in specific impulse loss discrepancies. The disjoint procedure predicts an Is 11.0, 12.4, 13.0, and 13.6 sec from tle 60:l nozzle to the 1OOO:l nozzle. This contrasts sharply with the 12.7, 15.6, 16.8, and 20.2 sec losses which the integrated procedure predicts for the 60:l to 1OOO:l nozzles.
loss of
The disagreement in specific impulse at the 1OOO:l area ratio result (Table 8) is surprisingly low, especially in light of the large thrust decrement discrepancy between the two procedures. The two orocedures were in qood agreement on specific impulse predictions.
Notes on Effects of Wall Lemperature Profile on Results
In an attempt to investiqate the effect of wall temperature profile on the predictions, the 2OO:l area ratio case was rerun using the integrated procedure with two different wall temperature profiles. The two new wall temperature profiles were the baseline wall temperature profile displaced by *500 deqrees Rankine (referred to as +500 "R and -500 "R wall temperature profiles, respectively). plotted in Fig. 11 . the momentum thickness, thrust decrement, and local skin friction coefficient is small (i.e., less than 5 percent) for both profiles. Likewise, the values of vacuum specific impulse, c*, and CF were all within 0.17 percent of the baseline calculations for both wall temperature profiles. The displacement thickness predicted by the integrated procedure using the +500 "R wall temperature profile is 14.8 percent qreater and the -500 R wall temperature profile is 15.0 percent less than the oriqinal predictions (Fig. 12) . The effect o f the +500 R temerature orofile on heat loss rate resulted in a 7.8 percent exit plane value decrease from the baseline value and the -500R wall temperature profile resulted in a 6.1 percent exit plane value increase (Fiq. 13).
Based on this comparison, the prediction by All three profiles are
The effect of wall temperature profile on the inteqrated procedure of the momentum thickness, local skin friction coefficient, and thrust decrement is seen to be relatively insensitive to wall temperature profile, whereas the displacement thickness and heat loss predictions are very sensitive. This indicates that if the analysis being done is for nozzle design, the wall temperature is a very critical input. A nozzle with too great or too small of a potential wall displacement will result in different exit pressures, Mach numbers, and wall angles than those desired. However, if the analysis is to determine specific impulse or skin friction of an already fabricated nozzle, an approximate temperature profile can be used to yield satisfactory results.
Concludinq Remarks
An analytical study was conducted which compared the outputs from two different procedures, both of which followed the standard JANNAF methodology of predicting liquid rocket engine performance. dures of characteristic velocity and thrust coefficient are within 0.6 and 3.0 percent of each other, respectively. Predicted vacuum specific impulse values are withir, 1.3 percent of each other. Comparing these parameters alone, the two procedures displayed good agreement between themselves.
The predicted values by both proceHowever, the procedures' predictions of displacement thickness and skin friction coefficient were within a maximum difference of approximately 10 percent, momentum thicknesses were within 20 percent, heat loss rates were within 30 p e r c~i i t , arid t h i -u s i loss due t u buuriridry layer growth was within 40 percent. the differences between the two procedures' input wall pressure profiles and physical models (e.g. Cebeci-Smi th eddy-viscosi ty model ) . Upon inspection of these parameters, agreement between the two procedures can be seen to be poor. Experimental test results are required to pinpoint which (if either) o f the two procedures better models the real situation.
Therefore, if approximate values of the gross performance parameters are the object of the analysis, either procedure will produce a value within current measurement accuracy limits o f the other. It can also be seen, then, that if accurate axial profiles of the boundary layer quantities are desired, the procedure used (ar even the choice of boundary layer modules) will greatly affect the result. greater values of displacement thickness, and momentum thickness, and lower values of skin friction coefficient, thrust decrement, and heat loss rate profiles, as compared to the inteqrated procedure.
This was due to
The disjoint procedure predicts Effect of wall temperature profile on reported parameters was investigated by displacing the baseline wall temperature profile by a500 "R. Less than f0.2 percent change was experienced by values of characteristic velocity, thrust coefficient, vacuum specific impulse, and skin friction coefficient. Parameters which showed less than '5 percent change included momentum thickness and thrust decrement. Greatly affected by the change in wall temperature profile were boundary layer displacement thickness (changed by 15 percent) and heat loss rate (which displayed a *7 percent change).
Other areas of concern deal with the operation of the computer programs themselves. Comoletion of an analysis of one rocket nozzle for the disjoint procedure required considerably more clock time than did one run for the integrated procedure. This was due to the manual transmission and reconditioning of data from the output of one computer program to the input of the next computer program. Moving the data between programs in the disjoint procedure was done as carefully as possible and it was assumed that no error was introduced because of incorrect data entry. However, this resulted in increasing the complexity of the analysis and prolonged the amount of time required to do an entire performance prediction analysis. Automated interfacinq between programs was a major step forward with the introduction of TDK.85 (i.e., the integrated procedure). The inteqrated process eliminated this possible source of error and also reduced the total time required for a thorouqh analysis. Chamber p r e s s u r e M i x t u r e r a t i o Area r a t l o Fuel and o x y d i z e r e n t h a l p i e s 
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E X I T PLANE VALUES OF BOUNDARY LAYER PARAMETERS
TOK [ E n t r i e s a r e d i s j o i n t / i n t e g r a t e d procedure v a l u e s . Numbers i n p a r e n t h e s e s a r e [ C o n s t a n t s : g = 32.1739 f t / s e c / s e c ; 
